Spin wave dispersion in the frustrated fcc type-III antiferromagnet MnS 2 has been determined by inelastic neutron scattering using a triple-axis spectrometer. Existence of multiple spin wave branches, with significant separation between high-energy and low-energy modes highlighting the intrinsic magnetic frustration effect on the fcc lattice, is explained in terms of a spin wave analysis carried out for the antiferromagnetic Heisenberg model for this S = 5/2 system with nearest and next-nearestneighbor exchange interactions. Comparison of the calculated dispersion with spin wave measurement also reveals small suppression of magnetic frustration resulting from reduced exchange interaction between frustrated spins, possibly arising from anisotropic deformation of the cubic structure.
Antiferromagnetism on the fcc lattice was studied long ago using spin wave method 1 and random phase approximation 2,3 within spin models. Selection of collinear ground state by thermal fluctuation through the 'order by disorder' effect was argued 4 . Thermal fluctuation was also suggested to give rise to first-order magnetic transition in fcc lattice in renormalization group study 5 . More recently, Monte Carlo 6 and first-principle methods 7 were employed to investigate AF order in fcc lattice. Within the itinerant electron approach, ground-state magnetic phase diagram and related metal-insulator transition was investigated using the slave-boson method 8 . Very recently, frustration effects on spin waves and magnetic instabilities were studied within the t − t Hubbard model 9 . However, a detailed study of spin wave dispersion and comparison with experiments can be of particular interest in view of the measured spin wave dispersion in MnS 2 obtained from inelastic neutron scattering studies 10 .
Magnetic order on the fcc lattice is manifested in three different kinds of spin alignments ranging from type-III and type-I in the 1:2 compounds MnS 2 and MnT 2 to type-II in the 1:1 compound MnO. All of them show a planar (xy plane in Fig. 1 in MnS 2 using a triple-axis spectrometer. The preliminary experiments were done long time ago but the results were only available in short paper in the conference proceedings 10 . In the present paper we wish to describe the experiments in more details than was done before. We present a suitable Heisenberg spin model that is used for interpretation of the experimental results.
II. EXPERIMENTAL METHODS
A large natural single crystal (hauerite) of MnS 2 was used for the experiment. The crystal volume was about 1 cm 3 . We performed inelastic neutron scattering experiments on The present data were collected from MnS 2 single crystal in zero-field in the multi-domain state. We have, however, done some trial experiments on MnS 2 to check whether we could generate a single-domain state by applying magnetic field and found that a magnetic field of 5 T was not enough for this purpose. We admit that the data collected from the multi-domain crystal may contain spurious signals from other domains but we assume that the intensity of such signals is relatively weak. The agreement between the experimental and the calculated dispersion, although quite good, is not perfect and we suspect that this is due to the contribution from other domains. It is important to note that owing to cubic symmetry of the lattice structure, multiple magnetic domains are present in the single crystal below T N which are related by wave vectors (1/2, 0, 0), (0, 1/2, 0) and (0, 0, 1/2). As a consequence, spin wave scattering intensity along q x and q y can have contributions from q z of other domain. This leads to small differences of measured spin wave energy along q x and q y (for same mode) despite planar C 4 crystal symmetry. This can be taken care by obtaining single k domain with magnetic field or uniaxial stress 16 .
III. RESULTS

IV. HEISENBERG MODEL OF SPIN WAVE DISPERSION IN MnS 2
In MnS 2 , Mn spins are in high-spin (S = 5/2) state and are arranged in fcc structure.
The type-III AF order of Mn spins on the fcc lattice is shown in Fig. 1 . Alternating layers stacked along the z direction (shown in solid and dashed lines) constitute two identical fcc sublattices with spins shown in red and blue. Within each fcc sublattice, the spins are aligned antiferromagnetically in the xy plane as well as along the z direction. Within each layer, the AF order of Mn spins yields two magnetic sublattices. For the spin wave analysis as discussed below, it will be convenient to distinguish between the interactions involving spins in the same layer and in different layers, as shown in Fig. 1 . Thus, we will consider the antiferromagnetic Heisenberg model on the fcc lattice: 
V. SPIN WAVE DISPERSION
For the spin Hamiltonian in Eq. 1, we obtain four spin wave branches corresponding to the four layers shown in Fig. 1 for the type-III AF order. The derivation of the spin wave energy expressions is discussed in the Appendix. The spin wave dispersions in the q x − q y plane (q z = 0) are obtained as:
Here r = J /J, r ⊥ = J d /J, and r d = J d /J denote the ratios of the exchange constants,
(cos q x + cos q y ) and γ q = cos q x cos q y are the Fourier transforms corresponding to NN and NNN lattice connectivity, and δ sia ≈ D/2J represents the scaled single-ion anisotropy term. We will refer to the modes labelled (1,3) and (2,4) as the high-energy and low-energy branches, respectively, as explained below. In the ideal cubic case, J = J d and J = J d , so that r = r ⊥ ≡ r and r d = 1. We have used r = r ⊥ = r throughout this paper even when there is departure from the ideal cubic case.
It is instructive to first consider the spin wave energy expressions given above in the absence of any symmetry breaking (D = 0). The spin wave energies ω 2,4 q vanish exactly for the zone-boundary modes q x = q y = π/2 in the ideal cubic case
Highlighting the intrinsic magnetic frustration in the fcc lattice, this zero spin wave energy for the low-energy branches arises from an exact cancellation between the positive energy cost (unhealing) associated with twisting of unfrustrated spins and the negative energy cost (healing) for frustrated spins.
The full spin wave dispersions (Fig. 3) show distinct separation into high-energy and lowenergy branches. As discussed above, the low-energy branches reflect the strong intrinsic magnetic frustration in the fcc lattice, and the zone-boundary energy identically vanishes at q x = q y = π/2. The high-energy branches correspond to essentially independent magnetic excitations within each fcc sublattice, with only weak magnetic frustration due to the NNN interaction J between parallel spins. On the other hand, the low-energy branches reflect strong coupling between the two fcc sublattices. The ratio r d = J d /J allows for this coupling and low-energy (l = 2,4) branches. The vanishing spin wave energy at q x = q y = π/2 for the low-energy branches highlights the strong intrinsic magnetic frustration in the fcc lattice.
to be tuned, and the low-energy branches become degenerate with the high-energy branches
Before discussing the comparison with the experimental data, we will consider the effect of small deviation from the ideal cubic limit. Since bilinear exchange is separation dependent, anisotropic deformation which relatively decreases the exchange interaction between neighboring parallel (frustrated) spins as compared to antiparallel (unfrustrated) spins can result in significant magnetic energy gain, especially in a strongly frustrated system. Competition between structural distortion-induced elastic energy increase and magnetic energy lowering in the fcc lattice compound MnO with type-II AF order has been investigated in detail 3 . Octahedral rotations resulting in modified orbital overlaps can be another source of unequal exchange interactions.
In view of the strong magnetic frustration in MnS 2 , we will therefore allow for the possibility of slightly reduced exchange interactions between neighboring parallel spins resulting from anisotropic deformation of the cubic structure. It is unclear if this is related to the coupling between magnetic and lattice degrees of freedom in MnS 2 , as indicated from the pseudo-tetragonal distortion observed below the magnetic ordering temperature in very high resolution synchrotron X-ray diffraction studies 14 .
For a given spin, while all four first neighbors in the same layer are unfrustrated (antiparallel), out of the 8 first neighbors in the adjacent layers, 4 are frustrated. We will therefore consider slightly reduced exchange interactions for these frustrated spins, denoted by factor r f , in Eqs. 2 and 3 for the low-energy branches which involve strong inter-fcc spin-coupling effect. • , and consequently Q x and Q y axis for experimental data corresponds to diagonal q x = q y direction.
VI. CONCLUSION
Study of magnetic excitations in MnS 2 using inelastic neutron scattering measurements show distinct separation into high-and low-energy spin-wave branches, the latter highlighting the intrinsic magnetic frustration in the type-III ordered AF state on the fcc lattice. The spin wave spectra were found to be well described by the Heisenberg model with nearestand next-nearest neighbor spin interactions and including a small single-ion anisotropy term.
Comparison of the measured spin wave data with our theory shows an anomalous upward energy shift of the low-energy branch, which unambiguously indicates slightly reduced NN exchange interaction between frustrated (parallel) spins, and therefore suppressed magnetic frustration resulting from anisotropic deformation of the cubic structure.
VII. ACKNOWLEDGMENTS Appendix: Spin wave calculation
Spin wave analysis for the Heisenberg model is usually carried out using first the HolsteinPrimakoff transformation which maps spins into bosons and then the Bogoliubov transformation to diagonalize the resulting linearized Hamiltonian. The large 8 × 8 matrix representation required for the type-III AF order on the fcc lattice renders this approach quite inconvenient. Instead, we will consider an alternative approach in terms of the equivalent itinerant electron picture, as discussed below.
It is well know that the half-filled Hubbard model with n th neighbor hopping term t n maps identically to the spin S = 1/2 quantum Heisenberg antiferromagnet (QHAF) in the strong coupling limit, with effective spin interactions J n = 4t 2 n /U . Furthermore, the spin wave energy expression obtained from the electronic approach within the random phase approximation (RPA) is identical to that obtained within the linear spin wave theory for the equivalent Heisenberg model. This has been analytically shown for several cases such as the planar, frustrated planar, and layered antiferromagnets 17 . The key physical quantity which is evaluated for the AF state in the strong coupling limit is the bare particle-hole propagator χ 0 (q, ω), in terms of which the spin wave propagator at the RPA level is given by [χ −+ (q, ω)] = [χ 0 (q, ω)]/(1 − U [χ 0 (q, ω)]), poles of which yield the spin wave energies.
Essentially, since spin wave energies are associated with spin interaction energy corresponding to specific spin twisting modes, the effective spin couplings are inherently present in the spin wave propagator within the itinerant electron approach.
The type-III AF order on the fcc lattice incorporates features of both the frustrated planar AF and the layered AF. The inter-fcc spin couplings J d between the two interpenetrating fcc sublattices is the only new feature, allowing for straightforward extension of the electronic approach to the fcc lattice antiferromagnet. Within the 8 × 8 matrix representation in the composite four-layer ⊗ two-magnetic-sublattice basis, 9 this leads to the following expression for the 1 − U [χ 0 (q, ω)] matrix in the strong coupling limit:
